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ABSTRACT

Industrial decarbonization is considered one of the key objectives in mitigating global climate
change. To achieve a net-zero industry requires actively transitioning from fossil fuel-based en-
ergy sources to renewable alternatives. However, the intermittent nature of renewable energy
sources poses challenges to a reliable and robust supply of energy for industrial sites. Therefore,
the integration of renewable energy systems with existing industrial processes, subject to energy
storage solutions and main grid interconnections, is essential to enhance operational reliability and
overall energy resilience. This study proposes a novel framework for the design and optimization
of industrial utility systems integrated with renewable energy sources. A monthly-based analysis
is adopted to consider variable demand and non-constant availability in renewable energy supply.
Moreover, carbon capture is considered in this work as a viable decarbonization measure, which
can be strategically combined with renewable-based electrification. The proposed optimization
model evaluates the economic trade-offs of integrating carbon capture, renewable energy, and
energy storage. By applying this approach, systematic design guidelines are developed for the
transition of a conventional steady-state utility system toward renewable energy integration, en-
suring economically viable and sustainable energy management in process industries.
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INTRODUCTION

The International Energy Agency (IEA) estimates
that the industrial sector, including power generation, ac-
counts for a major portion of overall CO2 emission [1].
Therefore, the 2030 targets for industrial energy con-
sumption focus on increasing the share of electricity
while reducing reliance on fossil fuels. In particular, elec-
tricity generated from renewable sources is identified as
a key solution to achieve environmental improvements in
the industrial sector.

In South Korea, where most energy supply systems
rely on fossil fuel-based facilities, the integration of re-
newable energy systems with existing infrastructure for
process utility enhances system operational stability by
addressing the intermittency of renewable energy
sources. Additionally, carbon capture technology, as the
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additional solution of industrial decarbonization, can
complement existing fossil fuel-based utilities by reduc-
ing environmental burdens [2], while helping to resolve
potential challenges that may occur during the transi-
tional period to complete process integration. However,
previous studies on the optimization of integrated energy
supply systems often fail to fully account for the flexibility
and/or constraints associated with renewable energy
production. In many cases, the power demand of the util-
ity systems is met through electricity imported from ex-
ternal plants for renewable electricity, rather than reflect-
ing the complexity of direct integration [3]. Furthermore,
the impact of CO2 emitted from fossil fuels in the inte-
grated process is often oversimplified as a carbon tax
without considering the potential role and benefits of in-
corporating carbon capture processes.

This study proposes integrating conventional utility
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systems with CO2 capture processes and renewable en-
ergy systems, including electricity storage, as a practical
approach for industrial decarbonization. A cost-based
optimization framework is developed as a monthly-based
analysis to evaluate strategies for the economically effi-
cient operation of the integrated process. Monthly mini-
mum costs are determined using weather data specific to
South Korea, allowing for more accurate cost predictions

Table 1: Energy demand of a Total site.

Energy Unit Values
Electricity MWe Min. 68.0
VHP steam t/h 20.0
HP steam t/h 54.5
MP steam t/h 55.9
LP steam t/h 128.0+a*

in renewable electricity generation and enhancing the re-
liability of the optimization model.

METHODOLOGY

To achieve an environmentally upgraded utility sys-
tem, the integration of renewable energy and carbon
capture processes is optimized with the objective func-
tion, as givenin Eq. (1), of minimizing overall system costs
while meeting practical energy demands as outlined in
Table 1.

fTotal,Min = fUtility,Min + fRenewable,Min (M

Steam demand is supplied exclusively by fossil fuel-
based systems, with the low-pressure (LP) steam de-
mand allowed to vary during process optimization, while
steam requirements for other pressure levels remain
fixed at constant values. Electricity demand can be met
either through the integrated system or by purchasing it
from external sources, depending on the specific sce-
nario evaluated. The process flow diagramillustrating the
overall system in this study is described in Figure 1.

The costing parameters used to calculate the annu-
alized cost of each system are based on previous studies
[3, 5]. For renewable facilities, the cost references were
adjusted by scaling down costs according to the GDP ra-
tio to account for the differences in economic contexts
between South Korea and the UK, from which the original
data was derived. The cost-related values applied in this
study are summarized in Table 2.

Utility Process

The fossil fuel-based utility system uses a traditional
configuration with boilers and gas turbines (GT) paired
with heat recovery steam generators (HRSG), followed
by electricity generation via steam turbines (ST). In line
with current industrial trends, coal and natural gas are se-
lected as the primary fuel sources for steam and electric-
ity production. The system meets four different steam
demands at varying pressure levels, as outlined in Table
1. Residual steam is used to generate electricity via back-
pressure steam turbines. For simplicity, the fossil fuel-
based facility is represented using a streamlined model

developed in UniSim®, as referenced previously in [3].
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Figure 1: Simplified process flow diagram of the utility system integrated with renewable energy supply and carbon
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Table 2: Costing parameters considering the site location
for the integrated utility process.

Parame- Unit Description Values
ters
Ccoal $/t Coal price 65
Cne $it Natural gas 220
price
NHV, a1 kJ/kg Net heating 28,000
value of coal
NHVyg kJ/kg Net heating 47,206
value of Natural
gas
Celec,ex $/kKWh Electricity price 0.067
(Export)
C elec,im $/kWh Electricity price 0.081
(Import)
Cwater S/t Water price 0.005
CPpy $/kW PV capital cost 781.3
OPyariapiery  $IKWh PV variable 0.004
O&M cost
OPfixeary  S$IKW/yr PV fixed O&M 9.8
cost
CPyr $/KW WT capital cost 3156.4
OPyariapiewr S/KWh WT variable 0.5
O&M cost
OPsixeawr  $/KW/yr WT fixed O&M 23.4
cost
CPgsr $/kW EST capital cost  421.9
OPyariapiegst $IKWh EST variable 0.004
O&M cost
n yr Plant lifetime 30
r % Interest rate 12
CR kgCO2/kWh  CO2 emission 0.254
from renewable
system
CcT $/tCO2 Carbon tax 20

The optimization framework of the utility steady-
state operation is formulated with the objective function
of minimizing system costs. This includes the operating
costs from fuel consumptions, capital costs for conven-
tional equipment, and carbon tax, and is described by:

futiitymin = foputiity + foputiity + ferveuiey  (2)

fOP,Utility = Ceoatfeoat (Mcoar) + Cngfng (Myg) +

Cwatechondensor for BFW (3)
feputitity = fpoiter + for + furse + fsr (4)
fCT,Utility = CTfeoat(Mcoat) NHVcoqr +

1073CT fyg (myg)NHVyg (5)

Each term in the objective function is determined
based on the optimized fuel consumption which can be
calculated as a function of VHP steam mass flowrate
(meoar, myg) 9enerated from each fuel. Specifically, the
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capital cost function is calculated using the capacity of
each piece of equipment, which also reflects fuel con-
sumption. As a result, major variables for minimizing fossil
fuel-based processes are the quantities of coal and nat-
ural gas consumed. This optimization is carried out using

the UniSim® optimization tool, incorporating the parame-

ters, constraints, and boundaries outlined in [3].

For the flue gas emitted from the HRSG by natural
gas, a conventional Monoethanolamine (MEA)-based
CO:2 capture process, commonly used for post-combus-
tion capture, is considered as referenced for capturing
CO2 from the NGCC plant [5]. A percentage of 90% of CO-
is captured, with the remaining CO., including the flue gas
from a coal-fired boiler, subject to a carbon tax penalty.

The primary optimization variable for the capture
process is the thermal energy consumed by the stripper
reboiler, typically supplied as LP steam generated by the
utility. The LP steam demand for the capture process var-
ies depending on the optimization of natural gas con-
sumption. Therefore, the fluctuation in LP steam demand
by the capture process is also considered in the optimi-
zation of the integrated utility as a* in Table 1, although
the operating and capital costs of the capture process
are not reflected. The thermal energy demands of each

month for the capture process are optimized in UniSim®.

Renewable Process

Renewable electricity is generated using weather
data of South Korea, solar irradiation (I,;,,-) for the pho-
tovoltaic (PV) system and wind speed (vy,;) for the wind
turbine (WT) system. Monthly generated power is calcu-
lated from the accumulated observational data and sys-
tem operating time (Tpy, Ty 7), followed by calculating the
system costs, including the carbon tax. Cost minimization
of renewable energy is carried out by optimizing the ca-
pacity of each system. For PV and WT systems, the plant
area (Apy, Ayr) is considered for the optimization to de-
termine the cost-based electricity production.

To address the irregular nature of renewable energy
sources, an electricity storage (EST) system is intro-
duced to supply power as needed. Hence, storage utili-
zation for the overall site demand depends on the renew-
able energy available each month. The maximum storage
capacity is limited to 5 MWe to reduce uncertainty during
the optimization process, helping to identify the most
cost-efficient operating conditions. When electricity ex-
ceeds this capacity, the surplus can be sold to the main
grid connected to the site, generating additional revenue.
Based on the costing parameters outlined in Table 2, the
objective function considers all the costing elements of
the renewable system from Eq. (6) to (11). In Eq. (9) and
(10), i which can be PV, WT, and EST is used to simplify
the costing equations.

frenewabiemin = fop,ren + fcp,ren + feT Ren (6)
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The modeling and optimization of the renewable

process are conducted using MATLAB® due to the data-

driven nature of the process, which is more challenging
to visualize compared to the fossil fuel-based process. A
mathematical approach facilitates system cost optimiza-
tion, providing valuable support for comprehensive stra-
tegic decision-making, particularly in complex, interde-
pendent processes. This approach also has the ad-
vantage of being easily integrated with existing simula-
tion software.

The optimization methodology for the integrated
utility system is illustrated in Figure 2, which explains the
overall applicable scenarios, including electricity genera-
tion, storage, and selling beyond the site through the
main grid linked with the processes. This utility manage-
ment can be explained by Eq. (12) and (13), which repre-
sents the key energy balance, including electricity stor-
age, by adjusting the equations in previous studies [3, 4].
Moreover, inequality constraints required for the cost
minimization are shown in Table 3. Especially, the bound-
aries of PV and WT system capacity serve to ensure that
each system is optimized within an industrially feasible
range based on the weather conditions.

(12)

PUtility + PRenewable - PGrid —68=0

Prenewabte — (Ppv + Pwr — Pgsr) = 0 (13)

Table 3: Inequality constraints for the Integrated utility
process optimization.

Variable Unit Lowbound Upperbound
HP1 t/h 15 -
MP2 t/h 30 -
LP2 t/h 0 -
Lpout t/h 1 28+a -
Steam letdown  t/h 0 -
PV system ca- m? 0 100,000
pacity (4py)

WT systemca- m?2 0 100,000
pacity (Ayr)

Renewable MWe 0 68
electricity to

Total site

(PRenewable)

Grid electricity MW. - 68
(Poria)

EST capacity MWe 0 5
(PEST)

RESULTS AND DISCUSSION

The variations in renewable resources is analyzed
from weather data to ensure that only available renewa-
ble energy applicable within the operating range allowed
is utilized. Therefore, PV system considers its operating
time to be limited to daylight hours, and WT system con-
siders cut-in and cut-out speed for the feasible system
operation according to the reference [4]. Considering
these constraints, Figure 3 presents the monthly cumu-
lative solar irradiation and wind speed, along with the op-
erating hours of each system.

Electricity
generated
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-based CHP Flue gas
CO, capture

Coal
consumption

Changing portion
1 of the fuel supply
1 i
1 H
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Figure 2: Research methodology for modeling and optimization of the integrated processes with a monthly basis.
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Figure 4 illustrates the monthly optimized results of
the integrated process under $20/tCO: of carbon tax.
Each month fully meets the Total site electricity demand
of 68 MW, with fossil fuel-based systems contributing a
significantly larger share than renewable systems. This is
due to the lower costs associated with fuels and equip-
ment in fossil fuel-based systems compared to the costs
of renewable systems. In particular, during March and
April, the higher electricity generation from the WT sys-
tem leads to a substantial increase in the overall cost of
the integrated utility. Therefore, it is observed that the
fossil fuel-based system is chosen as the only operating
system. Compared to the WT system, the PV system
generates less electricity for the same plant area. Conse-
quently, the contribution of the PV system to the site de-
mand remains relatively small.

Although renewable electricity does not make up a
large portion of the total power supply, the results in Fig-
ure 4 (a) highlight the contribution of the integrated pro-
cesses optimization. Renewable electricity can replace
between 4.78% and 34.32% of the total site electricity
demand each month, confirming the effective validation
of the preliminary stage of the integrated utility process

design and supporting the goal of establishing renewable
energy-based electrification. This variation trend directly
influences the system cost, as shown in Figure 4 (b). The
annualized cost of the utility process serves as the base
case for comparison with the monthly optimized results.
The cost reduction is primarily attributed to the WT sys-
tem within the renewable energy system, which plays a
dominant role in the optimization. The annualized cost in
May shows the largest decrease of 5.53%, driven by peak
renewable electricity generation, compared to the base
case. The optimization also contributes to a 2.67% reduc-
tion in the annual cost of the integrated overall processes,
with the price portion of the fossil fuel-based system de-
creasing by 6.15%.

The CO2 emissions from fossil fuels account for the
majority of the carbon tax, as shown in Figure 4 (b). This
is because the smaller emission per unit of electricity
generated by renewables, along with the lower energy
output from the renewable systems, leads to different
optimization results concerning the ratio of renewable
energy to fossil fuel-based systems. Figure 5 shows the
impact of carbon tax on integrated process optimization
through sensitivity analysis. As carbon tax increases, the
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Figure 4: Monthly optimized results of integrated utility processes under $20/tCO: of carbon tax. (a) Electricity
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portion of renewable electricity in the overall system
grows due to the increased penalty for fossil fuel con-
sumption. Accordingly, the cost of each system also
changes in the same trend with electricity breakdown,
and the cost of integrated processes ultimately de-
creases, as shown in Figure 5 (b). At a 4 times increase
in carbon tax, average overall system cost is reduced
about 19.7%, highly affected by about 29.7% decrease of
fossil fuel-based system.

CONCLUSION

This study demonstrates the successful integration
of renewable and CO: capture processes with conven-
tional utility processes as an industrial decarbonization
strategy. The optimization framework effectively ad-
dresses efficient management in process industries,
providing a practical method for balancing economic sus-
tainability with environmental improvement during the
transition toward a fully renewable-based system.

If renewable systems with improved cost competi-
tiveness are considered in the future, their increased
contribution to the system’s power demand could reduce
fossil fuel consumption and the additional energy re-
quired for the carbon capture process, leading to lower
CO2 emissions across the overall processes. Furthermore
this approach mitigates the vulnerability to price fluctua-
tions of fossil fuels on the international market, enhanc-
ing the cost stability of process operation through renew-
able energy integration.

Future work will focus on expanding the current
framework to incorporate other renewable technologies.
In particular, introducing the CSP system from the per-
spective of heat integration could add complexity, mak-
ing it challenging to optimize steam demand across re-
newable energy with thermal energy storage and existing
utilities. Moreover, sensitivity analysis on various costing
parameters would provide valuable insights for planning
decarbonized industries.
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